FPD/AML is a familial platelet disorder characterized by platelet defects, predisposition to acute myelogenous leukemia (AML) and germ-line heterozygous RUNX1 alterations. Here we studied the in vitro megakaryopoiesis of 3 FPD/AML pedigrees. A 60% to 80% decrease in the output of megakaryocytes (MKs) from CD34 ؉ was observed. MK ploidy level was low and mature MKs displayed a major defect in proplatelet formation. To explain these defects, we focused on myosin II expression as RUNX1 has been shown to regulate MYL9 and MYH10 in an inverse way. In FPD/AML MKs, expression of MYL9 and MYH9 was decreased, whereas MYH10 expression was increased and the MYH10 protein was still present in the cytoplasm of mature MKs. Myosin II activity inhibition by blebbistatin rescued the ploidy defect of FPD/AML MKs. Finally, we demonstrate that MYH9 is a direct target of RUNX1 by chromatin immunoprecipitation and luciferase assays and we identified new RUNX1 binding sites in the MYL9 promoter region.
Introduction
Familial platelet disorder with predisposition to acute myeloid leukemia (FPD/AML, OMIM 601399) is an autosomal dominant disorder characterized by dysmegakaryopoiesis, qualitative and quantitative platelet defects, and a propensity to develop myelodysplastic syndromes (MDSs) and/or AML. Several types of heterozygous germ-line mutations or deletions in RUNX1, including missense, frameshift, and nonsense mutations or large intragenic deletion or single nucleotide deletion in the Runt domain have been identified in FPD/AML. The progression to AML is often linked to the somatic alteration of the second RUNX1 allele, 1 supporting the fact that RUNX1 acts as a tumor suppressor gene. RUNX1 (also known as AML1, PEBP2aB, or CBFA2) is 1 of the 3 DNA-binding ␣ subunits of the hematopoietic transcription complex called core binding factor (CBF). RUNX1 contains both a runt homology domain (RHD), which mediates DNA binding and heterodimerization with the core binding factor ␤ (CBF␤) subunit to stabilize the interaction of the complex with DNA and to protect CBF from proteolytic degradation. The C-terminal domain of RUNX1 is responsible for transcriptional activation. RUNX1 can act as a repressor or an activator depending on the cellular context. It regulates positively different hematopoietic genes encoding cytokines and their receptors, such as IL-3, 2 GM-CSF, and M-CSF or negatively the CD4 gene contributing thus to impaired T-cell development. 3 Somatic alterations in RUNX1 are frequently found in AML, MDS, and chronic myelomonocytic leukemia (CMML).
In different mouse models, RUNX1 was shown to be essential for establishing definitive hematopoiesis. 4 It is required for the generation of hematopoietic stem cells (HSCs) from the aorta, but not later on. Targeted deletion of RUNX1 in adult HSCs led to their expansion in bone marrow, but also to amplification of progenitor cells with altered self-renewal capacities, which might be the first event toward leukemic transformation. The increased clonogenic potential and some self-renewal capacities of immature hematopoietic progenitors were also described for FPD/AML patients and were correlated with an almost complete loss in expression of the RUNX1 target NR4A3. 5 RUNX1 is dispensable for HSC commitment to myeloid lineages and to double-negative CD4/CD8 thymocytes, but is essential for terminal differentiation of the MK and T-lymphoid lineages. Especially, its absence profoundly affects MK polyploidization and terminal maturation resulting in thrombocytopenia. [6] [7] [8] In human, heterozygous germ-line RUNX1 mutations found in FPD/AML lead to diminished number of CFU-MK in bone marrow with abnormally small size MK. 9 Deregulation of a large number of genes associated with microtubules and cytoskeleton structures that could be involved in platelet formation was detected in EBV cell lines obtained from FPD/AML patients and in cell lines overexpressing the CBF complex. 10 In addition, patient's platelets abnormally express several proteins, such as protein kinase C (PKC-), platelet type 12-lipoxygenase (12-LO), myosin light chain, and others. 11 However, the precise mechanisms by which RUNX1 regulates megakaryopoiesis, platelet formation and functions are not completely understood. Among direct RUNX1 target genes implicated in megakaryopoiesis and platelet functions, the thrombopoietin (TPO) receptor MPL has the best-characterized function. MPL is regulated negatively in HSCs and positively in MKs by RUNX1. Consistent with these results, MPL mRNA level in platelets of 1 FPD/AML pedigree was shown to be decreased. 12 However, a partial defect in MPL expression might lead to thrombocytosis rather than to thrombocytopenia as revealed in a mouse model, 13 suggesting that deregulation of other proteins might be involved in FPD/AML thrombocytopenia. P19 INK4D , a second RUNX1 target, plays an important role in the cell-cycle arrest in MKs and regulates ploidy. 14 However, in vivo p19 INK4D defect leads to normal or increased platelet counts. A negative regulator of megakaryopoiesis PF4 15 is also a direct RUNX1 target 16 and its level is decreased in platelets of FPD/AML patients. 11 Other genes regulated by RUNX1 may be more implicated in platelet functions. The promoters of ␣⌱⌱␤ and ␣2 integrins are activated by RUNX1 in cooperation with GATA1 in K562 cells. 17 12-lipooxygenase, a direct RUNX1 target, 18 regulates GPIIb-GPIIIa activation and platelet aggregation after adenosine diphosphate (ADP), thrombin or U46619 stimulation. 19, 20 MYL9 is deeply decreased in platelets of FPD/AML patients and is a direct target of RUNX1 in the HEL cell line. 21 Moreover, we recently demonstrated that RUNX1 negatively regulates nonmuscle myosin heavy chain (NMMC-IIB, MYH10) and that MYH10 silencing is necessary to the switch from mitosis to endomitosis. 22 To get insight into the regulation of megakaryopoiesis by RUNX1, we investigated the in vitro megakaryopoiesis derived from CD34 ϩ hematopoietic progenitors of 3 FPD/AML pedigrees, one harboring the R174Q mutation, another harboring the R139X mutation 5 and the last a Pro218fsX225, 12 but renamed as T219RfsX8 according to current mutation nomenclature (www.hgvs.org/ mutnomen). In parallel, we studied the effect of RUNX1 knockdown in normal MKs. By both approaches, we demonstrated that RUNX1 controls at least partially MK ploidization and proplatelet formation by a direct regulation of MYL9, MYH10, and MYH9.
Methods

Blood samples
Blood samples from FPD/AML patients, healthy subjects, and individuals after mobilization were collected after informed written consent was obtained in accordance with the Declaration of Helsinki. The study was approved by the Local Research Ethic Committee from the Assistance Publique-Hôpitaux de Paris (AP-HP).
In vitro growth of megakaryocytes from CD34 ؉ cells
Patient or control CD34 ϩ cells were isolated using an immunomagnetic bead technique (Miltenyi Biotec) 23 and grown in serum free medium as previously reported. 24 The medium was supplemented with a cytokine cocktail containing TPO (10 ng/mL; Kirin Brewery), interleukin-3 (IL-3; 100 U/mL; Novartis), Interleukin-6 (IL-6; 10 ng/mL; Tebu), stem cell factor (SCF; 25 ng/mL, Biovitrum AB), and fetal liver tyrosine kinase 3 ligand (FLT3-L; 1 ng/ mL, Celldex Therapeutics).
Flow cytometry analysis
Cells were stained with directly coupled MoAbs: anti-CD41 APC and anti-CD42 PE (BD Bioscience) for 30 minutes at 4°C. Depending on the experiments, MKs were sorted according to CD41 or CD41 and CD42 expression using an influx flow cytometer equipped with 5 lasers (BD Bioscience).
Cell transduction
Control CD34 ϩ cells (10 6 /mL) were prestimulated for 24 hours with TPO, IL-3, SCF, and FLT3-L. Lentiviral particles were then added at a concentration corresponding to 125 ng viral p24/100 L for 12 hours, followed by a second transduction. Cells were then cultured in the presence of TPO alone. Lentivirus vectors containing shRUNX1_1 or a control scramble sequence (control) in addition to the sequence encoding GFP were previously described. 14 Another shRUNX1_2 sequence (5Ј-ggcagaaactagatgatca-3Ј) was also cloned into the sinPRRL-PGK-GFP lentivirus. Virus particles production and cell transduction were performed as previously described. 14 
Ploidy analysis
At day 6 of culture, blebbistatin (25M) diluted in DMSO or DMSO alone was added to the culture. Seventy-two hours later, Hoechst 33342 (10 g/mL; Sigma-Aldrich) was added in the medium of cultured MKs for 2 hours at 37°C. Cells were then stained with directly coupled mAbs: anti-CD41 APCs, and anti-CD42 PE (BD Bioscience) for 30 minutes at 4°C. 25 Ploidy was measured in the CD41 ϩ CD42 ϩ cell population by an influx flow cytometer (BD Bioscience). The mean ploidy of human MKs was calculated by the following formula: (2N ϫ the number of cells at 2N ploidy level ϩ 4N ϫ the number of cells at 4N ploidy levelϩ…ϩ64N ϫ the number of cells at 64N ploidy level/the total number of cells).
Quantification of MKs bearing proplatelets
Lentivirus transduced GFP ϩ CD41 ϩ CD42 ϩ MKs from healthy donors or CD41 ϩ CD42 ϩ MKs from patients were sorted at day 9 of culture and plated in 96-well plates at a concentration of 2000 cells/well in serum-free medium in the presence of TPO (10 ng/mL). Four days later, MKs displaying proplatelets were quantified by enumerating 500 cells/well using an inverted microscope (Carl Zeiss) at a magnification of ϫ200. MKs displaying proplatelets were defined as cells exhibiting 1 or more cytoplasmic processes with constriction areas (3 wells were examined for each condition). Images were obtained using AxioVision 4.6 software.
Quantitative real-time PCR
mRNA isolation, reverse transcription and real-time PCR (RT-PCR) analyses were performed as described. 14 The expression levels of all genes studied were expressed relatively to housekeeping genes PPIA and HPRT with stable expression level during MK differentiation. Primer sequences are available on request.
ChIP and promoter activity assays
Chromatin immunoprecipitation (ChIP) assays were performed with a ChIP assay kit (Millipore Upstate Biotechnology) using the anti-RUNX1 antibody (8 g per sample, sc-65; Santa Cruz Biotechnology). Assays were performed using chromatin prepared from human MKs as previously described. 14 Immunoprecipitated DNA was analyzed on a PRISM 7700 sequence detection system using SYBR green (Applied Biosystems) in duplicate. Two independent experiments were performed. Primer sequences are available on request.
Luciferase reporter assay
HEL cells were cotransfected with the reporter plasmids plucMYL9 or plucMYH9 without or with mutation in the RUNX1 binding site (plucMYL9mut1, mut2 or mut1/2, and plucMYH9_mut1) and with TKRenilla reporter (Promega) for normalization of transfection efficiency. Cells were harvested 48 hours after transfection. A dual luciferase assay was performed according to the manufacturer's instructions (Promega). The luciferase activity was measured with an AutoLumat LB953 luminometer (Berthold).
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Immunofluorescence and cytologic study
Immunofluorescence was performed on cells at day 10 of culture. Cells were seeded on polylysine coated slides (CML) for 2 hours at 37°C (5% CO 2 in air). After a gentle wash, adherent cells were fixed in 2% paraformaldehyde for 10 minutes, permeabilized with 0.1% Triton X-100 for 5 minutes and washed with 1ϫ PBS for 5 minutes. Primary antibodies were subsequently applied to the slides at a concentration of 1 g/mL and incubated for 1 hour at room temperature. Slides were then washed 3 times with 1ϫ PBS for 5 minutes before and after application of the secondary antibody (20 g/mL) for 30 minutes at room temperature. Finally, slides were mounted using either Vectashield with Dapi (Molecular Probes) and examined under a Leica DMI 4000, SPE, laser scanning microscope (Leica Microsystem) with a 63ϫ/1.4 numeric aperture (NA) oil objective. Images were processed using Adobe Photoshop 6.0 software. Twenty MKs positive for von Willebrand factor (VWF) were analyzed for each individual. The following antibodies were used: rabbit anti-MYH10 (Cell Signaling), rabbit anti-MYH9 (Cell Signaling), and mouse anti-VWF. Appropriate secondary antibodies were conjugated with Alexa 488 or Alexa 546 (Molecular Probes).
Bone marrow smears were stained by the May-Grünwald-Giemsa technique.
Electron microscopy
Venous blood was taken in ACD-A (1 vol/7 vol) and centrifuged for 10 minutes at 170g. Platelet-Rich Plasma (PRP) was carefully aspirated and incubated for 20 minutes at 37°C. Platelets were fixed in 1.25% glutaraldehyde (Fluka Chemie) and diluted in 0.1 M phosphate buffer (pH 7.2) for 1 hour at room temperature. For morphometry, a minimum of 100 sections was analyzed for each subject; platelet diameters and surface area were measured using ImageJ 1.46r (National Institutes of Health). Samples were processed for EM by standard procedures previously described. 26 Sections were observed with a Jeol JEM-1010 transmission electron microscope (Jeol) at 80 kV.
Statistical analyses
Data are presented as means Ϯ SD. Statistical significance was determined by Student t test. A P value Ͻ .05 was considered as statistically significant.
Results
Defect in megakaryocyte differentiation and polyploidization in FPD/AML
The in vitro megakaryopoiesis of 2 patients in 3 different FPD/ AML pedigrees was studied: AII-1 and AII-2 from the first pedigree (R174Q mutation), 5 BII-2 and BII-3 from the second pedigree (R139X mutation), 5 and DIII-1 and DIII-3 from the third pedigree (T219RfsX8 mutation) 12 (supplemental Table 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). As we confirmed in 2 other FPD/AML patients who MPL expression was down-regulated, 12 peripheral blood CD34 ϩ cells were grown in liquid medium in the presence of a combination of cytokines (IL-3, IL-6, FLT3-L, SCF, and TPO). At day 10, MKs were analyzed on the expression of CD41 and CD42. In patient cultures from the 3 pedigrees, the percentage of mature CD41 ϩ CD42 ϩ MKs was decreased in comparison to the controls. A profound decrease was observed for the 3 pedigrees: from 12% for control to 1.6% for AII-1 and 1.01% for AII-2 patients; from 60% for control to 8.7% for BII-2 and 9.15% for BII-3 patients and from 25% for control to 1.26% for DIII-1 and 6.53% for DIII-3 patients (n ϭ 3 for controls [32.33 Ϯ 22.21 ] and n ϭ 6 for patients [4.7 Ϯ 3.8], P Ͻ .05; Figure 1A ). When the total number of MKs produced in culture after 10 days was calculated, a moderate 3.55 Ϯ 0.75-fold decrease in MK number was observed in pedigree A (from 321 ϫ 10 3 MKs to 114 ϫ 10 3 MKs for AII-1 and 73 ϫ 10 3 MKs for AII-2 patients) whereas an important 15.5 Ϯ 2.8-fold and 29.4 Ϯ 0.95-fold decrease was seen, respectively in the pedigree B and D. When MKs were cultured from CD34 ϩ progenitors of pedigree B patients, the absolute MK number was 903 ϫ 10 3 for control and only 71 ϫ 10 3 and 49 ϫ 10 3 for patients BII-2 and BII-3, respectively. Finally, in the study of pedigree D, 136 ϫ 10 3 MKs were generated in vitro for control and only 4.4 ϫ 10 3 and 4.1 ϫ 10 3 MKs for DIII-1 and DIII-3 patients (n ϭ 3 for controls [453.3 ϫ 10 3 Ϯ 231.1 ϫ 10 3 ] and n ϭ 6 for patients [52.5 ϫ 10 3 Ϯ 17.5 ϫ 10 3 ], P Ͻ .05; Figure 1B ). This indicated not only a blockage in MK maturation but also an important decrease in the number of MK progenitors and/or in their proliferation.
Polyploidization is an important step of MK maturation as MK amplify their DNA content and cytoplasmic volume before proplatelet formation and platelet production. Ploidy level is markedly decreased in murine runx1 KO MK 6,7,22 and shRNA-mediated RUNX1 knockdown in human CD34 ϩ cells leads to a decrease in MK ploidy level. 22 We therefore investigated the ploidy of MKs from the 6 FPD/AML patients. Although in our culture conditions MKs did not reach a high ploidy, for all patients the MK ploidy level was significantly decreased compared with controls: from 3.4N to 2.8N and 2.9N in pedigree A, from 3.5N to 2.2N and 2.6N in pedigree 2 and from 3.6N to 2.6N and 2.8N in pedigree 3 [n ϭ 3 for controls (3.5 Ϯ 0.057N) and n ϭ 6 for patients (2.65 Ϯ 0.1N), P Ͻ .001] ( Figure 1C ). To confirm these results in the in vivo situation, we performed cytologic investigations of the bone marrow from 3 FPD/AML patients. We could detect the presence of numerous atypical MKs including immature MKs with high nucleocytoplasmic ratio and poorly lobulated nuclei (patients AII-1, DIII-3) associated with microMKs (patient BII-2; Figure  1D ). The number of these abnormal MKs was increased in all patients. Altogether these results indicate that FPD/AML is associated with a decreased MK ploidy both in vitro and in vivo.
Proplatelet formation is profoundly altered in FPD/AML pedigrees
To further analyze the late stages of MK differentiation in patient samples, we studied the proplatelet formation. To this aim, CD41 high CD42 high mature MKs were sorted from cultures at day 9 and seeded in 96-well plates at 2 ϫ 10 3 cells per well in presence of TPO alone. Proplatelet formation was analyzed 4 days later (at day 13 of culture). The percentage of proplatelet-forming MKs was 20-fold reduced for AII-1 and AII-2 patients (R174Q) and 5-fold for BII-2 and BII-3 patients (R139X) in comparison with control proplatelet-forming MKs (Figure 2A -B, 3 independent experiments were performed for each patient, n ϭ 3, P Ͻ .05).
Electron microscopy of blood platelets from patient AII-1 and BII-2 revealed numerous abnormalities including marked size heterogeneity with the presence of very large round platelets and others extremely thin. Incompletely fragmented proplatelet-like structures were also present. Figure 2C illustrates the presence of 2 joined platelets (designated as proplatelets, patient AII-1) and a succession of joined platelets (designated as unseparated proplatelets, patient BII-2). Such structures were often seen on low power magnification of enlarged fields. This incomplete fragmentation could be because of a defect in actin-myosin contractility or microtubule reorganization during the formation of cleavage furrow before fission event. Large vacuoles and giant granules also characterized platelets of both patients. Overall, these observations ( Figure 2C ) suggest an altered megakaryopoiesis and a defect in proplatelet fragmentation. A morphometric quantitative analysis of platelet shows that the small diameter remained close to the normal range but the large diameter is decreased (BII-2, supplemental Table 2 ). Many of the platelets have a tendency to be round as confirmed by the increase in the percentage of platelets with a maximal/minimal diameter ratio Ͻ 2.
RUNX1 knockdown also leads to a defect in MK differentiation and proplatelet formation
To test the effect of RUNX1 knockdown on MK differentiation, we used 2 different RUNX1 shRNA (supplemental Figure 1A-B) . We performed liquid cultures and studied the percentage of CD41 and CD42 positive cells at day 9. Compared with CD34 ϩ cells transduced with a scramble shRNA (control), a 2-fold decrease in the percentage of mature CD41 high CD42 high MKs was detected using shRUNX1_1 (n ϭ 3, P Ͻ .05, Figure 3B ) or shRUNX1_2 (data not shown). This was really a defect in MK maturation as expression of both GPIIB (CD41), which may be regulated by RUNX1 17 and GPIB (CD42) were decreased. This result demonstrates that RUNX1 knockdown affects MK differentiation ( Figure 3A) .
To investigate proplatelet formation, MK transduced by the scramble shRNA (control) or shRUNX1_1 or shRUNX1_2 were cultured in medium containing TPO alone. CD41 high CD42 high GFP ϩ MKs were sorted at day 9 and seeded in 96-well plates at 2 ϫ 10 3 cells per well in presence of TPO alone and analyzed 4 days later. A significant 1.6-fold decrease in the percentage of proplateletforming MKs was observed with shRUNX1_1 whereas, shRUNX1_2 elicited an even more profound decrease (more than 5-fold; n ϭ 3, P Ͻ .05, Figure 3B-C) . This result parallels the effects of the 2 shRNA on RUNX1 expression (supplemental Figure 1B) .
Thus, the phenotype of FPD/AML and RUNX1 knockdown MKs was similar with a defect in maturation and proplatelet formation as well as in ploidization. 22 
A defect in myosin II expression defect is present in FPD/AML megakaryocytes
Nonmuscle myosins II play an important role in MK differentiation with myosin IIB involved in cytokinesis and ploidization, and myosin IIA in migration and proplatelet formation. 22, 27, 28 There is already evidence that RUNX1 directly regulates MYL9, the myosin light chain and MYH10, the myosin IIB heavy chain, in an inverse way. All these observations led us to hypothesize that a deregulated expression of myosin II isoforms might be present in FPD/AML MKs and might thus participate in the thrombocytopenia mechanism. During normal MK differentiation, MYH9 expression increases, whereas MYH10 decreases. 22 However, whether changes in myosin light chain (MLC) expression occurs during Percentage indicates the proportion of immature (CD41 ϩ CD42 Ϫ ) and mature (CD41 ϩ CD42 ϩ ) MKs (n ϭ 3 for controls and n ϭ 6 for patients, P Ͻ .05). (B) Absolute number of MKs was calculated at day 10 of culture. The calculation was based on the total cell number at day 1 and day 10 of culture, and on the percentage of mature (CD41 ϩ CD42 ϩ ) MKs (A). As the number of cells seeded at the day 1 was not identical, the absolute number was estimated per 3 ϫ 10 4 seeded CD34 ϩ cells (n ϭ 3 for controls and n ϭ 6 for patients, P Ͻ .05). (C) The ploidy of mature (CD41 ϩ CD42 ϩ ) MKs was analyzed for 3 controls and 6 patients at day 10 of culture (n ϭ 3 for controls and n ϭ 6 for patients, P Ͻ .001). (D) Cytologic investigations of the bone marrow of AII-1, BII-2, and DIII-3 patients. The numerous atypical hypolobulated MKs (black arrows) and microMKs (white arrows) are present.
BLOOD, 27 SEPTEMBER 2012 ⅐ VOLUME 120, NUMBER 13 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From MK differentiation is unknown. We thus investigated the mRNA expression levels of the 4 MLCs, namely MYL12A, MYL12B, MYL9, and MYL6. To this purpose, CD41 ϩ cells were sorted at day 6, cultured in presence of SCF and TPO, and analyzed at days 6, 9, and 14. As shown in Figure 4A , mRNA levels of all MLCs increased along MK differentiation. Notably, at terminal stages of MK differentiation, mRNA expression level of MYL12A was approximately 7-fold higher than the other MYL (D14, Figure 4A ).
Next, we investigated the expression of MYL and MYH genes at mRNA level in mature CD41 high CD42 high MKs of 6 FPD/AML patients and 4 healthy subjects. We first confirmed a profound decrease in MYL9 mRNA level in patient's MKs compared with controls (P Ͻ .01); in addition, MYH9 transcripts were also significantly decreased (50%, P Ͻ .05), whereas MYH10 transcripts were significantly increased (P Ͻ .05); no change in MYL12A and MYL12B expression was seen between patients and controls ( Figure 4B ). However, even when MYH9 was decreased and MYH10 was increased, MYH9 remained the predominant myosin heavy chain in FPD/AML MK as a consequence of the very high MYH9 expression level in MKs ( Figure 4C ). As RUNX1 is involved in the silencing of MYH10 in mature MKs, we investigated whether MYH10 protein could be detected in mature MKs of FPD/AML. Using immunofluorescence staining, MYH10 was present in mature MKs from all FPD/AML patients ( Figure 4D ; for BII-2, DIII-1, and DIII-3 patients) in contrast to normal MKs. Moreover, MYH10 localization was diffuse in the cytoplasm and did not concentrate at the membrane oppositely to MYH9. These results show that MYH9 and MYH10 have different localizations and thus may have different functions.
MYL9 and MYH9 are both direct RUNX1 targets in primary megakaryocytes
Next, we explored the molecular mechanisms underlying the ability of RUNX1 to regulate MYL9 and MYH9. To address whether MYL9 and MYH9 were direct transcriptional targets of RUNX1, we performed an in silico sequence analysis 29 of the MYL9 and MYH9 promoter region 1Kb upstream the transcription start site. In the MYL9 promoter, we identified a novel region different from the one already described 21 containing potential RUNX1 binding sites and 2 potential RUNX1 binding sites in the MYH9 promoter (supplemental Table 3 , Figure 5A ).
ChIP assays performed in primary MKs from healthy donors demonstrated that RUNX1 could bind the new region at 2 sites in the MYL9 promoter and at 1 of the 2 binding sites in the MYH9 promoter (MYH9_B; Figure 5B ). To test for functional relevance, we cloned wild-type (WT) promoter regions (plucMYL9 and plucMYH9) or promoter regions containing mutation in the RUNX1 binding sites (plucMYL9mut1, mut2, and mut1/2 or plucMYH9_mut1, supplemental Table 3 ) upstream of the luciferase gene and we performed gene reporter assays in the HEL cell line. We found that overexpression of wt RUNX1 with its cofactor CBF␤ increased luciferase activity in transient transfection assays for both promoter constructs (plucMYL9 and pluc-MYH9). When the 2 RUNX1 binding sites in the MYL9 promoter region were mutated, a significant decrease in luciferase activity was observed (n ϭ 2 in triplicate, P Ͻ .05; Figure 5C ). Similarly, mutation in the RUNX1 binding site B in MYH9 promoter, which was immunoprecipitated in ChIP experiment, also led to a significant decrease in luciferase activity (n ϭ 2 in triplicate, P Ͻ .05; Figure 5C ). Together these results demonstrate functional relevance of the identified RUNX1 binding sites.
Inhibition of myosin II activity in FPD/AML rescues the MK ploidization defect
Recently we reported that MYH10, but not MYH9, was involved in MK ploidization and these results were strengthened by the fact that blebbistatin increased the ploidy level in myh9 KO mice. 22 To understand whether MYH10 persistence in FPD/AML MK could affect the ploidization process, cultured MKs from 2 patients in each pedigree were treated with 25M blebbistatin. As shown in Figure 6 , blebbistatin treatment led to an important increase in ploidy level in all patients MKs and also in control MKs. In pedigree A, the ploidy level increased from 2.8N and 2.9N to 5N and 6.9N, respectively ( Figure 6A ). In pedigree B, the ploidy increased from 2.2N and 2.6N to 6 and 7.3N, respectively ( Figure  6B ) and finally, in pedigree D, the ploidy increased from 2.6N and 2.8N to 6.1N and 4.5N, respectively ( Figure 6C 
Discussion
The mechanisms by which RUNX1 mutations contribute to induction of thrombocytopenia in FPD/AML are not completely understood. Only a few studies on platelets from FPD/AML patients have been performed, which have implicated the abnormal expression of genes, such as MPL, 12 MYL9, ALOX12, and TUBB1 and 2 11 and others, some of them being directly regulated by RUNX1. However, studies on platelets may not be sufficient to determine the precise mechanisms of the thrombocytopenia because genetic alterations in transcription factors lead to dysmegakaryopoiesis with only a fraction of MKs giving rise to platelets. For this reason, we examined some aspects of the in vitro megakaryopoiesis of 3 FPD/AML pedigrees with different RUNX1 mutations. 5, 12 We show that the in vitro FPD/AML megakaryopoiesis presented 4 abnormalities. First, peripheral blood CD34 ϩ cells yielded BLOOD, 27 SEPTEMBER 2012 ⅐ VOLUME 120, NUMBER 13 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From a decreased number of MKs. This result is in line with 2 previous reports showing a decreased number of MK progenitors 9 in the bone marrow in 2 different pedigrees and of MKs in 2 of 5 patients of the same pedigree. 30 Second, a marked defect in MK maturation was present as illustrated by a decreased percentage of mature MK (CD41 high CD42 high ) in all the patients whatever the mutation. Third, for the first time, a decrease in the ploidy level of CD34 ϩ derived MKs and the presence of microMKs in bone marrow was observed in FPD/AML patients, consistent with the presence of microMKs in the runx1 KO mouse bone marrow. 6, 22 Finally, mature MKs sorted on the high expression of CD41 and CD42 had a marked defect in proplatelet formation. Thus, FPD/AML thrombocytopenia is the result of a defect at both early and late stages of MK differentiation.
To explain, at least partially, the mechanisms by which RUNX1 deregulates megakaryopoiesis, we focused on actin-myosin complex, which is involved in cytokinesis, migration, adhesion, and proplatelet formation. Recently it was shown that 2 nonmuscle myosin chains, MYL9 and MYH10 are directly regulated by RUNX1, 21, 22 and thus deregulation of their expression could be involved in the dysmegakaryopoiesis in FPD/AML. Nonmuscle myosin II is an actin-binding protein composed of a pair of MHC (myosin heavy chain) and 2 pairs of MLC (myosin light chains). Three isoforms have been characterized with different heavy chains encoded by 3 different genes MYH9, MYH10, and MYH14. Until recently it was considered that MYH9 was the only nonmuscle myosin II expressed in the megakaryocytic lineage because it is the only form present in platelets. Recently we reported that MYH10, but not MYH14, is also well expressed in immature MKs and its expression, opposite to MYH9, decreases during megakaryopoiesis to be absent in platelets. 22 MLC include regulatory light chains (RLCs) and essential light chains (ELCs). The myosin II activity is regulated by the phosphorylation of RLCs. Three highly conserved nonmuscle RLCs (MYL12A, MYL12B, and MYL9) associate with MYH9 and MYH10, as well as the ELC MYL6, immortalized mouse embryo fibroblast NIH 3T3 cell line. 31 Here we showed that MYL9, MYL12A, MYL12B, and MYL6 are expressed in control MKs and that their expression increases along differentiation with MYL12A being expressed at the highest level. In FPD/AML MKs, expression of only 2 heavy chains, MYH9 and MYH10, and 1 MLC (MYL9) is deregulated.
During polyploidization, MYH10 expression is repressed by RUNX1 and MYH10 down-regulation is necessary for the switch from mitosis to endomitosis. 22 In FPD/AML mature MKs we detected a defect in MK polyploidization associated with the persistence of MYH10, which was also detected in circulating platelets. 32 This absence of MYH10 silencing may play a role in the defect in MK polyploidization in FPD/AML as attested by its correction by the myosin II chemical inhibitor blebbistatin. The fact that blebbistatin rescued the ploidization defect in FPD/AML patient suggests that, despite the P19 INK4D down-regulation, there is no major additional defect other than myosin deregulation to control DNA replication or the mitotic process.
Expression of MYL9 known to be a RUNX1 target is quasi abolished in MKs from FPD/AML patients. By an in silico approach, we identified 2 regions in the MYL9 promoter that contained RUNX1 binding sites, one of them being already described. 21 Both are functional and are occupied by RUNX1 in primary MKs demonstrating the direct involvement of RUNX1 in the transcriptional regulation of MYL9 during normal MK differentiation. Although a decrease in MYL9 mRNA level has been reported in FPD/AML platelets, 11 the role of MYL9 silencing in the mechanism of FPD/AML thrombocytopenia is not totally clear. MYL9 once phosphorylated enhances the motor activity of MYH9, which plays a central role in platelet formation as attested by the macrothrombocytopenia in the MYH9-related disease. 33 MYL12A that is highly expressed in FPD/AML MKs, could associate with MYH10 and MYH9 but this association was only described in BLOOD, 27 SEPTEMBER 2012 ⅐ VOLUME 120, NUMBER 13 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From fibroblasts, 31 and it is not known if it occurs in MKs. Previously we have shown that in vitro MYL9 knockdown in primary MKs leads to a defect in proplatelet formation. 34 Thus, it is not excluded that the MYL9 preferentially associates with MYH9 during proplatelet formation and that MYH10 has for partners other RLCs during cytokinesis.
Surprisingly MYH9 expression was also approximately 50% decreased in FPD/AML MKs and this was also related to a direct regulation of MYH9 by RUNX1. Indeed 2 functional RUNX1 binding sites were found in the MYH9 promoter region. The decrease in MYH9 expression after RUNX1 inhibition 22 demonstrates that RUNX1 is a transcriptional activator of MYH9, opposite to MYH10 where RUNX1 acts as a repressor. The precise role of MYH9 in proplatelet formation is controversial. Heterozygous mutations of MYH9 lead to a macrothrombocytopenia in May-Hegglin, Fechtner, Sebastian, and Epstein syndromes, 33 and in heterozygous knock-in mice. 35 In contrast the heterozygous myh9 deletion leading to a true haploinsufficiency does not induce any phenotype in the mouse, 36 whereas a complete KO induces a macrothrombocytopenia. 27 Discrepant results were also obtained when studies were performed on proplatelet formation. When MKs from myh9 KO mice were cultured in liquid medium, an increased proplatelet formation was observed, 37 whereas in the context of their native environment, a profound decrease in the proplatelet MK number was seen. 28 Here we evidenced a decrease of both MYL9 and MYH9 in FPD/AML MKs, which may explain the Figure 6 . Effect of myosin II activity inhibition on ploidy of FPD/AML MKs. The ploidy level of CD41 ϩ CD42 ϩ MKs was analyzed at day 10 of culture, 72 hours after addition of the myosin II inhibitor, blebbistatin. MK mean ploidy was calculated from the number of cells in each ploidy class. Blebbistatin was used at 25M concentration. The significant increase in ploidy level after addition of blebbistatin was observed in 2 patients of pedigree A (A), 2 patients of pedigree B (B), and 2 patients of pedigree D (C; n ϭ 6, P Ͻ .001).
defect in proplatelet formation. A concomitant decrease of both myosins leading to a deep defect in actin-myosin complex might explain the absence of macrothrombocytopenia compared with the MYH9 syndrome where a defect in MYH9 alone is present. Moreover, other genes directly or indirectly regulated by RUNX1 could be involved in the defect of proplatelet formation such as TUBB1. In addition, this defect in both tubulin and acto-myosin may explain the presence of unfragmented proplatelets in patient blood as a consequence of a defect in abscission and in the transition from proplatelets to platelets. 38 In conclusion, RUNX1-mediated deregulation of MHC and MLC in FPD/AML plays a major role in the mechanism of thrombocytopenia, a finding that emphasizes the role of RUNX1 in the transcriptional regulation of genes implicated in controlling MK and platelet cytoskeleton.
